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Abstract 
Perfluorooctane sulfonic acid (PFOS) could be commonly detected in water bodies around many cities in China 
recently, which mainly comes from the industrial production and utilization in the fabric processing, metal plating, 
semiconductor manufacturing and fire-fighting foam. China is currently one of the few countries with increasing 
PFOS production and usage, so the treatment and safe disposal of PFOS pollutants is critical to effectively protect 
human health from those toxic chemicals. Life cycle assessment (LCA) by Simapro 7.2 was carried out in this paper 
to study the environmental impacts concerned with the treatment of PFOS in supercritical water, and proven process 
for the decomposition of PFOS pollutants with high concentration. This study focuses on not only the main 
environmental factors from emissions of toxic pollutants, but also the influence from technical characteristics of the 
iron-induced supercritical water technology including energy and substances consumption during treatment processes. 
The results of LCA were supposed to be provided for the environmental officials and factory managers as a 
theoretical basis for the PFOS technology selection and management. 
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1. Introduction 
Perfluorooctanesulfonic acid (PFOS) has unique physiochemical properties such as a high surface-
active effect, high thermal and chemical stability, and high light transparency and world widely used as in 
industry as products or raw materials for surface treatment agents. Although PFOS and its salts were 
categorized as persistent organic pollutants (POPs) at the 4th Conference of the Parties (COP4) of the 
Stockholm Convention in 2009, they are essential chemicals in the semiconductor industry with no cost-
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effective substitutes yet identified. China is currently one of the few countries with increasing PFOS 
production and usage with an annual amount of about 200 t [1]. Recently, more and more researches 
showed that PFOS contaminates could be detected in the water bodies, especially those near the big cities, 
which mainly comes from the industrial production and utilization in the fabric processing, metal plating, 
semiconductor manufacturing and fire-fighting foam. So the treatment and safe disposal of PFOS 
pollutants is critical to effectively protect human health from those toxic chemicals. 
The cleavage of the C-F bonds to form F- ions needs high energy input, because organic poly- and 
moreso perfluorination in PFOS yields a more stable molecular structure, such as the bond energy of 
C2F5–F of 127 kcal/mol vs. C2H5-H of 101 kcal/mol [2]. The oxidative-reductive electric position of F/F- 
is as high as 3.6 V. Most conventional degradation technologies are ineffective for the in situ degradation 
of PFOS since they are inherently recalcitrant to chemical and microbiological treatment. They resist 
degradation, bioaccumulate and are transported across international boundaries accumulate in terrestrial 
and aquatic ecosystems. Although several technologies was proven be effective in some degree for the 
treatment of PFOS, such as persulfate photolysis, direct UV photolysis, phosphotungstic acid 
photocatalysis, TiO2 photocatalysis, Fe(II)/Fe(III) photocatalysis, UV-KI photolysis, Alkaline 2-propanol 
photolytic reduction and B12 mediated reduction [2], there are still many unresolved issues with those 
processes and the more toxic and stable by products make them difficult to meet the requirements of 
PFOS treatment in an environmental sound way.  
While, the subcritical water decomposition reported by Hori et al. shows a promising feature for the 
final treatment of PFOS [3]. PFOS could be decomposed in a subcritical water reactor without any 
formation of perfluorocarboxylic acids. This method was also tested by Hori et al. be effective in 
decomposing other perfluoroalkylsulforiates bearing shorter chain (C-2-C-6) perfluoroalkyl groups and 
was successfully applied to the decomposition of PFOS contained in an antireflective coating agent used 
in semiconductor manufacturing. 
As far as we are aware, there has until now been no systematic study that objectively correlate 
environmental impacts and benefits of various PFOS treatment technologies. Life cycle assessment (LCA) 
is an internationally standardized methodology for systematic and quantitative evaluation of 
environmental impacts of functionally equivalent products or services through all stages of their life 
cycles, which was widely used in soil and groundwater remediation to evaluate the negative and positive 
impacts concerned. Related studies showed that LCA was an effective tool to identify environmental 
impacts and improve remediation technology in waste treatment and contaminated site remediation [4, 5]. 
This study presents LCAs for a subcritical water decomposing technology for PFOS contaminated wastes.  
2. Process description 
The process of PFOS decomposition in subcritical water was reported as a batch operation. The 
subcritical water reactor was a stainless steel high-pressure reactor equipped with a thermocouple. In a 
typical run, an argon-saturated aqueous of PFOS waste and zerovalent iron metal powder were introduced 
into the reactor under an argon atmosphere, and the reactor was sealed. Then the reactor was heated to the 
desired reaction temperature, and the temperature was held constant for a specific time. Then the reactor 
was cooled to room temperature and opened under an argon atmosphere, and the reaction mixture was 
centrifuged to separate the solution phase and the solid phase (metal powder). After the separation, the 
solid phase could be putted into a landfill and the F- containing wastewater could be treated effectively by 
a normal industrialized wastewater treatment process. 
The input data for the material consumption in the subcritical process was reported by Hori et al. [3], 
while the energy consumption for heating was calculated by energy balance. When the concentration of 
PFOS is 93-372 mu M, reaction in subcritical water with iron powder addition at 350 oC for 6 h could 
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reduce the PFOS below 2.2 mu M. As for other processes, such mixing, separating, landfilling and 
wastewater treatment, the data were mainly got from the Eco-indicator database. 
3. Life cycle assessment 
LCA (also known as life cycle analysis and cradle-to-grave analysis) is a technique to assess the 
impacts that a product or process making on the environment throughout its life span. The procedures of 
LCA are part of the ISO 14000 environmental management standards, which is carried out in four distinct 
phases: (1) goal and scope definition; (2) inventory analysis; (3) impact assessment; and (4) interpretation. 
In this study, we performed LCA of PFOS decomposition in subcritical water using SimaPro 7.2 and 
Impact 2002+ method developed by PRé Consultants to model products and systems from a life cycle 
perspective. 
3.1. Goal and scope definition 
The goal of this life cycle assessment was to assess the environmental impacts of subcritical water 
decomposition (SCWD) technology for PFOS treatment and detect high environmental impact processes 
for the purpose of improving their environmental performance and reducing substances consumption. The 
functional unit was the treatment of 1 kg of PFOS contaminated waste from 300 mu M to less than 2 mu 
M used as the basis for compiling the life cycle inventory of SCWD. The system boundary of LCA 
included both the first-order and second-order impacts, covering all the direct emissions and disposal and 
resources required for upstream electricity generation and chemicals manufacture. Also, we define no 
timeframe for the LCA in order to capture both long-term and short-term impacts. 
The life cycle stages for the SCWD system was grouped into four major subsystems: 1) Ar gas and Fe 
metal preparation; 2) Heat supply in the SCWD reactor at 350 oC for 6 h; 3) H2 and CHF3 gas emission; 4) 
solid-liquid separation, F- containing wastewater treatment and solid residual landfill. Here, only 
operation phases were considered when analyzing technologies. Impacts associated with the process of 
production of capital goods were excluded from this study taking into account the lack of data for the 
SCWD infrastructures. The basic structure of the SCWD for PFOS treatment was presented in Fig. 1. 
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Fig.1 The major processes system boundary of SCWD for PFOS decomposition 
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3.2. Life cycle inventory 
In the inventory analysis phase, inputs (energy and chemicals used) and outputs (emissions to the 
environment) associated with the SCWD treatment processes were listed in detail. In the impact 
assessment stage, inputs and outputs were interpreted in terms of their environmental impacts. The 
foreground life cycle inventory (LCI) data for these two technologies were compiled directly from the 
Hori’s report. The background life cycle inventory data (e.g., life cycle inventory of 1 kWh electricity, 1 
kg of fuel oil, 1 kg of activated carbon) were provided by the Ecoinvent Database based on average 
technology data, as implemented in SimaPro 7.2. 
3.3. Life cycle impact assessment 
The life cycle impact assessment (LCIA) methodology adopted for this study was IMPACT 2002+, as 
implemented in SimaPro 7.2. This methodology proposes a feasible implementation of a combined 
midpoint/end-point approach by linking all types of LCI results via 15 midpoint impacts to four end-point 
damages. Fig. 2 shows the overall scheme of the IMPACT 2002+ framework. The solid arrows symbolize 
that relevant impact pathways are known or assumed to exist. Dotted arrows indicate that these uncertain 
impact pathways between midpoint and end-point levels are not modeled quantitatively. 
 
 
Fig.2 Overall scheme of the IMPACT 2002+ framework 
The environmental modeling in IMPACT 2002+ was entirely based on European conditions and was 
adopted without change for this study, so the conclusions are strictly limited to this context. Fig. 3 shows 
the relative contributions of different subsystems to each midpoint impact in SCWD technology. It could 
be found that SUB2 presents the highest contribution to all the midpoint categories. SUBS3 also makes 
some contributions to the global warming impacts, which mainly results from the CH3F gas emission. 
SUB4 contribute about 1-4% of the impact of terrestrial ecotoxicity, aquatic eutrophication and mineral 
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extraction, respectively. It is necessary to remark that energy consumption to sustain the high temperature 
and high pressure (350 oC, 23.3 MPa) contributes to more than 99% of total midpoint impacts. 
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Fig. 3 The percent contribution of different subsystems of SCWD technologies to each midpoint impact category 
As shown in the scheme of IMPACT 2002+ (Fig. 2), all fifteen midpoint categories can be grouped 
into four end-point categories. Those four end-point categories were also calculated by respectively 
damage factors under the IMPACT 2002+. We also can compare the different end-point environmental 
damages between different categories.  These results were normalized by comparing them against the 
environmental profile of an “average European”, which is embedded in the IMPACT 2002+ LCIA 
methodology in SimaPro 7.2. The results of end-point damage were also shown in dimensionless units, 
together with a summed total score. The relative contribution of each subsystem to midpoint and end-
point categories was also normalized by comparing against the environmental impacts caused by the 
average person in the European Union society. All end-point impacts were summarized to a single score 
for each of the two technologies. Fig. 4 shows comparison of normalized end-point scores of subsystems 
of the SCWD technologies. 
In general, normalized score shows the environmental impacts generated during all subsystems and 
could be used as an important baseline for technology selection. The normalized results could be also 
provided for environmental officers and factory managers as a theoretical basis for the remediation 
technology optimization. LCA enables us to identify environmental performances of each treatment 
subsystems, and decide which technology should be a better option from the environmental points. 
However, results are always calculated based on the user-defined systems and closely depending on the 
type of data used in the conduct of the study, which may result in uncertainties because of data 
availability, system boundaries and the choice of LCA method.  
 
More details could be founded from the normalized midpoint scores of subsystems in Fig. 4. Most of 
the negative impacts are related with non-renewable energy, global warming, respiratory inorganics, and 
carcinogens pollutant emission. Nearly all of those were aroused from the fuel burning to supply enough 
heat in the SUB2 to sustain a subcritical condition at high temperature and high pressure. Only a little part 
of the global warming impact is from the CH3F emission in SUB3. Other impacts include terrestrial 
ecotoxicity, non-carcinogens and terrestrial acid/neutralization.  
3.4. Life cycle impact assessment interpretation 
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To interpret the environmental impacts precisely, we calculated the endpoint impacts of the four 
subsystems of SCWD technology. It could found in Fig. 6 that most of the endpoint impacts were also 
generated by SUB2. The total negative impact to the human health, ecological quality, climate change 
and resources accounts to 6.66×10-5, 0.593×10-5, 6.16×10-5 and 6.68×10-5 Pt, respectively. That just 
shows the characteristics of large amount fuel consumption in subcritical water treatment process. When 
compared with other impacts, the ecological impact is only less than 10% of that of human health, climate 
change and resources. 
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Fig. 4 Comparison of normalized midpoint scores of subsystems of the SCWD technology 
 
0
1
2
3
4
5
6
7
8
HumanHealth Ecological
Quality
ClimateChange Resources
pt
1
0Ͳ
5 SUB4
SUB3
SUB2
SUB1
 
Fig. 5 Comparison of normalized endpoint scores of subsystems of the SCWD technology.. 
Moreover, our LCA results showed that resource and energy consumption from non-renewable energy 
should be concerned especially in the SCWD process, which contributes much higher than the metal iron 
and argon gas preparation, off-gas treatment and wastewater treatment processes. To improve the energy 
efficiency is the key to reduce the environmental impact from the SCWD process, such as heat recovery 
or using clear energy sources. When compared with the batch operation, the continuous operation could 
also improve the energy efficiency and increase the effectiveness. The LCA analysis is supposed to be 
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served for environmental officers and factory managers as a theoretical basis to choose a proper PFOS 
treatment technology. 
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